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Abstract
In neuronal development, dynamic rearrangement of actin
promotes axonal growth cone extension, and spatiotemporal
translation of local mRNAs in response to guidance cues directs
axonal growth cone steering, where cofilin plays a critical role.
While regulation of cofilin activity is well studied, regulatory
mechanism for cofilin mRNA translation in neurons is unknown. In
eukaryotic cells, proteins can be synthesized by cap-dependent or
cap-independent mechanism via internal ribosome entry site
(IRES)-mediated translation. IRES-mediated translation has been
reported in various pathophysiological conditions, but its role in
normal physiological environment is poorly understood. Here, we
report that 50UTR of cofilin mRNA contains an IRES element, and
cofilin is predominantly translated by IRES-mediated mechanism
in neurons. Furthermore, we show that IRES-mediated translation
of cofilin is required for both axon extension and axonal growth
cone steering. Our results provide new insights into the function of
IRES-mediated translation in neuronal development.
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Introduction
During brain development, axonal growth cones navigate toward
their targets to establish synapses, which is crucial for brain wiring
and its functions (Buck & Zheng, 2002; Dent et al, 2011; Vitriol &
Zheng, 2012). In axonal growth cones, cytoskeleton dynamics
including coordinated reorganization of actin polymerization is
essential for axon extension and axonal growth cone guidance (Dent
et al, 1999; Schaefer et al, 2008; Lowery & Van Vactor, 2009).
Furthermore, cofilin, an actin-binding protein, plays a key role in
regulating actin dynamics. Cofilin binds to F-actin and severs actin
filaments, which controls actin polymerization as well as depoly-
merization (Bamburg & Bernstein, 2010; Pfaendtner et al, 2010;
Grintsevich et al, 2016). Thus, regulation of cofilin activity is critical
in axon extension and axonal growth cone steering (Aizawa et al,
2001; Hsieh et al, 2006; Piper et al, 2006; Tilve et al, 2015). It is
proposed that LIM kinases deactivate cofilin by phosphorylation,
which provides a fine balance between active and inactive cofilin
that determines axonal growth cone extension and navigation
(Arber et al, 1998; Aizawa et al, 2001). A large number of studies
have described how the balance of cofilin activity is controlled and
how the cofilin regulation affects axonal growth cone development
(Gehler et al, 2004; Chen et al, 2006; Tilve et al, 2015; Bellon et al,
2017). However, a regulatory mechanism for cofilin mRNA transla-
tion in neurons remains unknown.
In eukaryotes, initiation of mRNA translation mechanism requires
ribosomes to recognize a 50 end cap structure of mRNAs, followed by
scanning the mRNA transcripts. In addition to the cap-dependent
translation, noncanonical translation initiation is discovered in picor-
naviruses, which contain internal ribosome entry sites (IRES) located
in the 50UTR of mRNAs that can directly recruit ribosomes to initiate
translation without scanning from the 50 end of mRNAs (Pelletier &
Sonenberg, 1988; Kieft, 2008; Martinez-Salas, 2008; Hinnebusch
et al, 2016). Since the initial discovery of IRES in picornaviruses,
IRES-mediated translation has been identified in many RNA and
DNA viruses (Ray & Das, 2002; Zhang et al, 2015). Furthermore,
numerous reports show that eukaryotic mRNAs are also translated
by IRES-mediated mechanisms under various stressful environ-
ments, when canonical translation is altered (Graber & Holcik, 2007;
Kim et al, 2013, 2015; Olson et al, 2013; Shi et al, 2016). It suggests
that eukaryotes adopt an alternative translation mechanism to
compensate for the defective cap-dependent translation. However,
physiological importance of IRES-mediated translation in nonpatho-
logical conditions has just begun to emerge (Pinkstaff et al, 2001;
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Fernandez et al, 2002; Audigier et al, 2008; Yeh et al, 2011; Lee
et al, 2014; Liu, 2015). While there are few studies reporting cellular
mRNA IRES in the brain, IRES-mediated translation has recently
been shown to play a key regulatory role during mammalian devel-
opment (Audigier et al, 2008; Srivastava et al, 2012; Xue et al,
2015). Also, high-throughput screening for IRES elements in human
genomes identified that about 10% of human 50UTR contain IRES
element (Weingarten-Gabbay et al, 2016; Gritsenko et al, 2017),
suggesting that IRES-mediated translation may be essential for
normal biological functions. Nonetheless, physiological functions of
IRES-mediated translation remain to be discovered.
While screening for neuronal genes that have IRES activity, we
discovered that the 50UTR of cofilin mRNA contains IRES element. In
this work, we report that the 50UTR of cofilin contains IRES activity
in axonal growth cones and that reducing IRES activity of cofilin
50UTR results in decreased axonal growth cone extension and loss of
repulsion to Sema3A. Our study reveals that cofilin 50UTR prefers
IRES-mediated translation to cap-dependent translation in neurons.
Disrupting IRES activity using CRISPR–Cas9 system in Neuro2A cells
abolished cofilin expression, confirming that cofilin is generated
mostly by IRES-mediated translation mechanism in neurons.
Furthermore, we demonstrate that nPTB plays as ITAF for IRES-
mediated cofilin translation. Our work provides an important step
toward understanding the physiological significance of IRES-
mediated translation in axon outgrowth and axonal growth cone
navigation during neuronal development. IRES-mediated translation
mechanism could shed new insights into cellular and molecular
mechanisms of protein synthesis in diverse physiological conditions.
Results
Cofilin 50UTR contains IRES activity
To demonstrate whether cofilin expression in neurons utilizes IRES-
mediated translation, we first determined whether 50UTR of cofilin
harbors IRES activity by using a bicistronic reporter system (Kim
et al, 2007), which can distinguish cap-dependent (renilla luciferase,
RLUC) and cap-independent (firefly luciferase, FLUC) translation.
Cofilin 50UTR was inserted between the two reporters, and the ratio
of FLUC/RLUC was measured in Neuro2A cells. Cofilin 50UTR
showed profound IRES activity compared to those of controls which
contain reversely oriented cofilin 50UTR or no insertion into the
reporter system (Fig 1A). We also monitored Apaf-1 50UTR IRES
activity as control (Fig 1A), which indeed showed IRES activity
consistent with a previous report (Mitchell et al, 2003). To further
confirm that cofilin 50UTR contains IRES activity, we also (i) exam-
ined the reporter containing cofilin 50UTR with or without CMV
promoter (Fig 1B); (ii) tested the integrity of our constructs using
siRNA against RLUC and then measured RLUC and FLUC activity
(Fig 1C and D); and (iii) used mRNA transcripts of the bicistronic
reporters containing either cofilin 50UTR or cofilin 50UTR lacking D1
loop (D1–34) (Fig 1G), which were prepared by in vitro transcrip-
tion. Together, these results demonstrate that cofilin 50UTR indeed
contains IRES activity.
It is known that the RNA secondary structure of IRES is important
for IRES function (Martineau et al, 2004; Filbin & Kieft, 2009; Colussi
et al, 2015). Hence, to determine the RNA domain that is responsible
for IRES activity, we first generated a predicted secondary structure
of the 50UTR RNA of cofilin by using mfold software (Zuker, 2003),
which showed three different regions containing loop domains
(Fig 1E). We then deleted each of these regions (D1, D2, and D3)
in the 50UTR sequence (Appendix Fig S1) and examined IRES activity
of the sequences (Fig 1F). Absence of D1 (Δ1–34) significantly
decreased IRES activity, while D2 (Δ62–84) and D3 (Δ91–111) dele-
tion still displayed limited IRES activity. However, removing D2 or
D3 combined with D1 deletion completely abolished IRES activity,
suggesting that the D1 region is absolutely required for IRES activity
in cofilin 50UTR. To further verify the importance of the loop in D1
for IRES activity, we mutated nucleotides that disrupt the loop
formation (Appendix Fig S1B). Either deleting the D1 region or
disrupting formation of the loop in D1 blocked IRES activity
(Appendix Fig S1C), which confirms that the loop in D1 is required
for IRES activity of cofilin 50UTR. Lastly, to exclude the possibility
▸Figure 1. 50UTR of cofilin harbors IRES activity.A 50UTR of cofilin shows strong IRES activity, while reversely oriented 50UTR of cofilin lacks IRES activity. This was measured by using a bicistronic reporter system.
Cap-dependent (renilla luciferase, RLUC) and cap-independent (firefly luciferase, FLUC) translation can be distinguished by determining the ratio of FLUC to RLUC.
FLUC cannot be synthesized unless DNA fragment inserted into the intercistronic region contains IRES activity. FLUC and RLUC activities were normalized to b-
galactosidase activity, which is used as an independent transfection control. For IRES activity measurement, Neuro2A cells were transfected with pRF (backbone of
bicistronic reporter system), pRF containing 50UTR of cofilin (50UTR), or reversely oriented 50UTR of cofilin (R-50UTR). *P < 0.0001, N = 5 independent experiments.
Values shown are mean  SEM and are tested for statistical significance by one-way ANOVA followed by Bonferroni post hoc test.
B Both pCMV-b-gal vector and pRF (backbone of bicistronic reporter system) containing 50UTR of cofilin (50UTR) or 50UTR lacking a CMV promoter (ΔCMV) were
transfected into Neuro2A cells, and dual-luciferase assays were performed. FLUC and RLUC activities were normalized to b-galactosidase activity. N = 3
independent experiments. Values shown are mean  SEM.
C, D pCMV-b-gal vector and the indicated plasmids were co-transfected with siRNA targeting RLUC. After 48-h transfection, Neuro2A cell lysates were used for
measuring luciferase activity. FLUC and RLUC activities were normalized to b-galactosidase activity. RLUC siRNA reduced RLUC but not FLUC in cells transfected
with psi-Check2 (control). While RLUC siRNA significantly decreased RLUC, FLUC still exhibited strong activity in cells transfected with cofilin 50UTR. Apaf-1 50UTR
also showed FLUC activity compared to that of cofilin R-50UTR. Note that Apaf-1 IRES activity is significantly lower than that of cofilin. N = 3. Values shown are
mean  SEM and are tested for statistical significance by one-way ANOVA followed by Bonferroni post hoc test.
E A secondary structure of 50UTR of cofilin having 145 nucleotides was prepared with mfold software, which produced three different regions containing loop
domains. Deletion of nucleotides (Δ1–34, Δ62–84, or Δ91–111) removed the D1, D2, or D3 loop, respectively. Also, deletion of D1 together with D2 (Δ1–84) or all
loops including D1, D2, and D3 (Δ1–92) was generated.
F RLUC and FLUC activities were measured with different mutations of cofilin 50UTR. N = 5. Values shown are mean  SEM.
G Bicistronic mRNA transcripts prepared by in vitro transcription were transfected into Neuro2A cells and incubated for 24 h, and then, IRES activity was measured.
Values are normalized to the cells containing mRNA transcripts prepared from pRF vector used in (A and E). m7G: 7-methyl-guanosine. *P < 0.0001, N = 4. Values
shown are mean  SEM and are tested by one-way ANOVA followed by Bonferroni post hoc test.
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Figure 1.
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that a cryptic promoter may be hidden in cofilin 50UTR, we
performed real-time quantitative PCR for RLUC and FLUC mRNA
transcripts from the vectors that we used in Appendix Fig S1C. The
ratio of FLUC/RLUC mRNA transcripts is equivalent among the
vectors regardless of IRES activity, indicating that no cryptic
promoter activity exists in cofilin 50UTR (Appendix Fig S1D).
Cofilin expression by IRES-mediated translation promotes
axon outgrowth
Because cofilin plays a key role in axonal growth cone extension
(Yoon et al, 2012) and cofilin 50UTR harbors an IRES element, we
hypothesized that cofilin mRNA is translated by IRES-mediated
mechanism in axonal growth cones. To test this hypothesis, we first
constructed a plasmid in which RLUC and FLUC reporters were
replaced with mCherry and eGFP fluorescent reporters in the bicis-
tronic reporter system. The reporter plasmid was then transfected to
mouse primary hippocampal neurons at DIV1, and axonal growth
cones at DIV3 was examined (Fig 2A). eGFP signals originating
from IRES-mediated translation were examined in axonal growth
cones at DIV3 (Fig 2A and B). Axonal growth cones containing
cofilin 50UTR-eGFP clearly showed IRES activity, while growth cones
having reversely oriented cofilin 50UTR or lacking the D1 region in
cofilin 50UTR exhibited no IRES activity (Fig 2A and B). Together,
these results suggest that cofilin 50UTR utilizes its IRES element to
express eGFP, and cofilin mRNA may be translated by IRES-
mediated translation in axonal growth cones.
Having confirmed that cofilin 50UTR has IRES activity in neurons,
we next examined the functional role of IRES-mediated cofilin trans-
lation. When the cofilin protein was expressed by introducing
50UTR-cofilin-eGFP construct to primary hippocampal neurons, axon
length of the neurons was significantly increased compared to that
of axons containing either 50UTR(ΔD1)-cofilin-eGFP or no 50UTR of
cofilin (Fig 2C and D). Consistent with these results, axonal growth
cones containing 50UTR-cofilin-eGFP construct showed faster axonal
growth rate and longer traveled distance during the 60-min observa-
tion period than axonal growth cones with 50UTR(Δ1–34)-cofilin-
eGFP (Appendix Fig S2). These data suggest that cofilin overexpres-
sion due to IRES-mediated translation provides further extension of
axonal growth cones. Note that no change was found in the ratio of
mCherry/eGFP mRNA transcripts in primary neurons containing
different plasmids used above (Fig 2E).
Cofilin is preferentially expressed by IRES-mediated translation
We found that cofilin expression by IRES-mediated translation in
neurons extended axonal growth cones. Next, we tested whether
newly synthesized cofilin in neurons exploited IRES-mediated trans-
lation mechanism. To this end, we first prepare a vector that was
designed to express the FLAG peptide under the control of either
cofilin 50UTR (cofilin-50UTR-FLAG) or cofilin 50UTR lacking the D1
region [cofilin-50UTR (Δ1–34)-FLAG] (Fig 3A). To determine
whether FLAG is newly synthesized by IRES-mediated mechanism
in hippocampal neurons, we used the FUNCAT-PLA (fluorescent
noncanonical amino acid tagging–proximity ligation assay) method
that allows visualization of a newly synthesized protein in situ (tom
Dieck et al, 2015). IRES-mediated translation of FLAG mRNAs
(cofilin 50UTR-FLAG) was detected by proximity ligation following
coincident detection of FLAG antibody and biotin antibody in
neurons that had taken up azidohomoalanine (AHA); however, no
newly synthesized FLAG protein was found in neurons expressing
cofilin 50UTR lacking the D1 region (Fig 3A). Furthermore, no newly
synthesized FLAG protein was detected when neurons were treated
with AHA and anisomycin, a translation inhibitor (Fig 3A).
Together, our results indicate that cofilin is synthesized by IRES-
mediated translation in neurons.
We next examined whether cofilin expression prefers IRES-
mediated translation to canonical cap-dependent translation in
neurons. mTOR phosphorylates 4E-BP1, a repressor of mRNA trans-
lation, which makes 4E-BP1 dissociate from cap-binding complex
and subsequently allows mRNA translation (Choo et al, 2008).
Thus, RAD001, an inhibitor of mTOR, negatively affects canonical
cap-dependent translation. To examine whether mTOR signaling
pathways affect cofilin expression, we treated Neuro2A cells with
RAD001 for up to 9 h (Fig 3B). We found no reduction in the level
of cofilin expression, while phosphorylation sites of ribosomal
protein S6, a downstream target of mTOR signaling, were decreased
during the treatment. We also used cycloheximide (CHX) that
blocks translation elongation regardless of cap-dependent or cap-
independent translation. CHX treatment profoundly reduced cofilin
expression, but did not significantly alter the levels of phospho-
rpS6, suggesting that cofilin is less stable compared to ribosomal
protein S6. Hence, when elongation is blocked, the level of cofilin
decreases. These results also imply that cofilin expression is not a
downstream target of mTOR pathways. Next, to further verify that
expression of cofilin in neurons depends on cap-independent mech-
anism, we reduced eIF4E, eukaryotic initiation factor-4E, by using
eIF4E siRNA. The level of eIF4E was decreased, and subsequently,
the c-Myc expression was also reduced (Fig 3C). In contrast, the
cofilin protein expression showed increase (Fig 3C). Note that the
cofilin level was slightly increased 9 h after RAD001 treatment
(Fig 3B). It is plausible that blocking cap-dependent translation by
reduction of eIF4E may enhance IRES-mediated cofilin translation
by allowing more resource for IRES-mediated protein synthesis.
Note that GAPDH has a long half-life (Franch et al, 2001), so no
change was detected during the experimental condition. In addition,
we found that the IRES activity of cofilin 50UTR measured using
bicistronic reporter system is significantly higher in neuronal cell
lines compared to that of non-neuronal cell lines (Appendix Fig S3).
Previously, Apaf-1 IRES activity was also reported to be higher in
neuronal cell lines (Mitchell et al, 2003). Altogether, our data imply
that cofilin mRNA translation indeed prefers IRES-mediated mecha-
nism to canonical cap-dependent translation in neurons.
Cofilin overexpression enhances axonal growth cone extension
through IRES-mediated translation
Having demonstrated that IRES-mediated translation can regulate
cofilin expression in neurons, we next examined whether
endogenous cofilin expression is indeed regulated by IRES-mediated
translation. Using the CRISPR–Cas9 system, we generated a
genome-edited Neuro2A cell line lacking the D1 region of cofilin
50UTR (Fig 4A), which enabled us to examine whether endogenous
cofilin mRNA is indeed translated by IRES-mediated mechanism.
We first identified a cell line that specifically deleted the D1 region
of cofilin 50UTR in the genome (Fig 4B). In this genome-edited cell
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Figure 2. IRES-mediated cofilin translation extends axon growth.
A A bicistronic reporter system using mCherry and eGFP fluorescent reporters was adopted to determine IRES activity in hippocampal primary neurons. 50UTR of cofilin,
reversely oriented 50UTR (R-50UTR), or 50UTR with Δ1–34 (Δ1–34) was inserted to the intercistronic region of the bicistronic reporter vector, respectively. These vectors
were transfected to neurons at DIV1 (days in vitro) and IRES activity measured at DIV3. Growth cones were outline by white line. Scale bar = 2 lm.
B IRES activity was determined by the ratio of mCherry/eGFP signals in axonal growth cones at DIV3. *P < 0.0001, N = 15 neurons. Values shown are mean  SEM and
are tested for statistical significance by one-way ANOVA followed by Bonferroni post hoc test.
C Cofilin was expressed in hippocampal primary neurons by IRES-mediated translation. 50UTR-cofilin-eGFP or 50UTR(ΔD1)-cofilin-eGFP construct was inserted into the
intercistronic region. The vectors were transfected at DIV1, and the axon length of neurons was measured at DIV3. Scale bar = 50 lm.
D IRES-mediated cofilin expression significantly increased axonal length compared to that of neurons lacking IRES-mediated cofilin translation. *P < 0.0002, N = 42 for
neurons containing 50UTR-cofilin-eGFP, and n = 35 for neurons having 50UTR(ΔD1)-cofilin-eGFP. Values shown are mean  SEM and are tested for statistical
significance by one-way ANOVA followed by Bonferroni post hoc test.
E Real-time quantitative PCR for mCherry and eGFP mRNA transcripts was performed on vectors used in (B). N = 3 independent experiments. Values shown are
mean  SEM and are tested by one-way ANOVA followed by Bonferroni post hoc test.
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Figure 3. Cofilin synthesis in neurons utilizes IRES-mediated translation mechanism.
A Primary hippocampal neurons were transfected with a vector that expressed FLAG either under regulation of cofilin 50UTR or cofilin 50UTR with depleted D1 (Δ1–34)
region at DIV 1. eGFP was co-transfected. FUNCAT-PLA was performed at DIV2 and azidohomoalanine (AHA) was treated for 2 h. AHA replaced methionine in neurons
taking up AHA, which was labeled by biotin. The FUNCAT-PLA method using combination of biotin-labeled AHA and FLAG antibody was able to detect newly
synthesized FLAG. Anisomycin blocked to synthesize new FLAG peptide in neurons containing cofilin 50UTR-FLAG, and neurons containing cofilin-50UTR (Δ1–34)-FLAG
failed to express FLAG. Scale bar = 20 lm.
B Neuro2A cells treated with RAD001 showed little effect on cofilin expression, while cycloheximide (CHX) reduced cofilin translation. Conversely, a downstream target
of mTOR, phospho-rpS6, showed no phosphorylation after 3 h of RAD001 treatment, while cycloheximide did not affect the level of phospho-rpS6.
C Expression of eIF4E and c-Myc was reduced by eIF4E siRNA transfection to Neuro2A cells, while cofilin level was increased. Cell lysates were prepared 3 days after
transfection of siRNA. *P < 0.05, N = 4 independent experiments. Values shown are mean  SEM and are tested by t-test.
Source data are available online for this figure.
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line, the cofilin protein expression was completely missing (Fig 4C),
although the amount of cofilin mRNA transcripts showed only a
slight reduction in the genome-edited cells (Fig 4D). Together, our
results suggest that cofilin expression in Neuro2A cells is indeed
regulated by IRES-mediated translation.
Next, to further verify whether cofilin 50UTR prefers IRES-
mediated translation to cap-dependent mechanism, we designed a
vector that has two different promoters to generate independent
mRNA transcripts of RLUC and LUC+ (modified firefly luciferase
gene). RLUC translation in this vector can be achieved through
both cap-dependent and IRES-mediated translation, or through
only cap-dependent RLUC expression (Fig 5A). LUC+ was trans-
lated by cap-dependent translation, and its activity was used as
indicator of transfection efficiency. Cofilin 50UTR, cofilin 50UTR


ES
˞ WXEXOLQ
&RILOLQ




5
DW
LR
RI
&
RI
LOL
Q
˞
W X
EX
OLQ

5
HO
DW
LY
H
UD
WLR
RI
WUD
QV
FU
LS
WV
&
RI
L OL
Q
*
DS
GK






*HQRPLF
ORFXV
ႭTTCCCGTCGGCCCGCGCGGCAAG CGCCGGAAGGCCGCCCCGCCCCTCATTGTGCGGCTCCTACT AAACGGAAGGGGCCGGGAGAGGC
AAGGGCAGCCGGGCGCGCCGTTC GCGGCCTTCCGGCGGGGCGGGGAGTAACACGCCGAGGATGA TTTGCCTTCCCCGGCCCTCTCCG
Ⴍ
Ⴍ Ⴍ
7DUJHW 3$0
&RILOLQ ಬ875
3$07DUJHW 
ಬ
ಬಬ
ಬ
A
B
D
C
Figure 4. Cofilin expression prefers IRES-mediated translation to cap-dependent translation.
A, B The D1 region of cofilin 50UTR was deleted using the CRISPR–Cas9 method; then, the genome-edited cell line was selected. Blue bars indicate the location of paired
sgRNAs. Red arrowheads show expected deletion of the genomic DNA. Genotyping analysis identified a Neuro2A cell line lacking the D1 region.
C Cofilin protein expression was effectively reduced in the genome-edited cell line compared to the control.
D Left: Quantification of cofilin expression from (C). *P < 0.0001, N = 3 independent experiments. Right: Real-time quantitative PCR for cofilin mRNA transcripts in
the genome-edited cell line showed a slight decrease. *P < 0.04, N = 3 independent experiments. Values shown are mean  SEM and are tested by t-test.
Source data are available online for this figure.
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Figure 5. Overexpression of cofilin by IRES-mediated translation increases axonal growth cone extension.
A To verify the role of IRES activity in regulation of cofilin translation, cofilin 50UTR, 50UTR lacking D1 region, or 50UTR having mutations in D1 was inserted to the
upstream of renilla luciferase gene in psi-Check2 dual-reporter vector, which contains two promoters for RLUC and LUC+ (modified firefly luciferase gene),
respectively. The plasmids were transfected into Neuro2A cells, and dual-luciferase assays were performed.
B Insertion of 50UTR increased RLUC, while no insert, 50UTR lacking D1 region, or mutated 50UTR did not increase RLUC activity. *P < 0.0001, N = 4. Values shown are
mean  SEM and are tested for statistical significance by one-way ANOVA followed by Bonferroni post hoc test.
C Real-time quantitative PCR for RLUC and LUC+ mRNA transcripts showed no difference between cells transfected with the indicated constructs, N = 3. Values
shown are mean  SEM and tested for statistical significance by one-way ANOVA followed by Bonferroni post hoc test.
D, E Vectors containing 50UTR-cofilin, 50UTR-cofilin lacking IRES activity (Δ1–34), or no 50UTR-cofilin were transfected to hippocampal primary neurons at DIV2, and axon
length at DIV3 was measured. Axon length was significantly increased in neurons containing 50UTR-cofilin, while neurons with 50UTR-cofilin lacking IRES (Δ1–34)
showed no axon extension compared to that of the control. *P < 0.001, N = 30 for each condition. Values shown are mean  SEM and are tested for statistical
significance by one-way ANOVA. Scale bar = 50 lm.
F, G GFP expression level in primary neurons containing the vector used above (D). *P < 0.01, N = 3. Values shown are mean  SEM and are tested by one-way ANOVA
followed by Bonferroni post hoc test.
Source data are available online for this figure.
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lacking D1, or cofilin 50UTR having mutations in D1 was inserted
in front of the RLUC reporter. As expected, RLUC activity was
significantly increased from the vector containing cofilin 50UTR
(Fig 5B). Interestingly, however, constructs without IRES activity
(Δ1–34 or mut-2; Fig 1D) exhibited no difference in RLUC activity
compared to that of vector without insert (Fig 5A), suggesting that
the increase of RLUC expression in the vector allowing both cap-
dependent and IRES-mediated expression of cofilin is mostly due
to IRES-mediated translation. The ratio of RLUC/LUC+ transcripts
was not altered (Fig 5C). To further confirm the result, we
prepared constructs with sequentially deleted nucleotides from the
end of cofilin 50UTR, which disrupts the D1 domain containing
IRES activity (Appendix Fig S4A). RLUC expression was decreased
according to the size of deletion in 50UTR (Appendix Fig S4B),
indicating that RLUC expression is mostly due to IRES activity
resided in 50UTR of cofilin. It is plausible, however, that the 50UTR
sequence may contain an element that suppresses cap-dependent
translation. To examine the possibility, we also used the mut-2
construct (no IRES activity) with different deletions (Appendix Fig
S4A and B). We reasoned that if an element hidden in 50UTR of
cofilin suppresses cap-dependent translation of RLUC, removing
the element should increase the RLUC expression. Mut-2 construct
with various deletions, however, did not increase RLUC expression
(Appendix Fig S4B), suggesting that there is no element that
suppresses cap-dependent translation, but cofilin expression prefer-
entially utilizes IRES-mediated translation instead of cap-dependent
translation. To further confirm the result in neurons, we trans-
fected expression vectors to neurons, which allow translation of
cofilin either by both cap-dependent and IRES-mediated mecha-
nisms (50UTR-cofilin) or by cap-dependent translation (50UTR(Δ1–
34)-cofilin) (Fig 5D–F). 50UTR-cofilin expression significantly
increased axon length, while 50UTR-cofilin lacking IRES activity
showed little effect on axonal growth cone extension, suggesting
that extension of axonal growth cones is mostly due to IRES-
mediated cofilin translation rather than cap-dependent cofilin
expression. Note that no change was observed in neurons without
cofilin 50UTR (Fig 5E and F). Furthermore, deletion of IRES
element of cofilin 50UTR (50UTR(Δ1–34)-cofilin-eGFP) did not inter-
fere with normal cap-dependent translation of eGFP, since eGFP
expression in neurons with 50UTR (Δ1–34)-cofilin-eGFP is compara-
ble to that of control that has no cofilin 50UTR (Fig 5G).
IRES-mediated cofilin translation is required for axon outgrowth
and turning
We demonstrated that deletion of IRES element in 50UTR of cofilin
by using CRISPR system abolished cofilin expression in the genome-
edited cells. Furthermore, results in Fig 5 indicate that overexpres-
sion of cofilin regulates axonal growth cone extension through
IRES-mediated translation; however, the endogenous roles of IRES-
mediated cofilin translation in neurons are still not known. To this
end, we designed vectors that could inhibit endogenous IRES activ-
ity by depleting IRES-transacting factors (ITAFs) required for IRES
activity of cofilin 50UTR. This was achieved by inserting 4 or 8
tandem repeats of cofilin 50UTR-eGFP (Appendix Fig S5A), so that
cells expressing these constructs could sequestrate ITAFs and conse-
quently decrease endogenous IRES-mediated translation of cofilin in
axonal growth cones. First, to test whether these constructs indeed
reduce endogenous IRES activity of cofilin 50UTR, we introduced 4
or 8 tandem repeats of cofilin 50UTR-eGFP to Neuro2A cells together
with the bicistronic reporter, where cofilin 50UTR is inserted
between RLUC and FLUC, to measure IRES activity (Appendix Fig
S5A). Indeed, IRES activity of cofilin 50UTR was decreased and
correlated with the number of the tandem repeats (Appendix Fig
S5B), while amounts of RLUC or FLUC mRNA transcripts were not
altered (Appendix Fig S5C). Together, our results verify that the
tandem repeats effectively reduced IRES activity. Next, to exclude
the possibility that the tandem repeats may remove factors needed
for canonical translation, we also examined whether expression of
cap-dependent translation of RLUC in the bicistronic reporter system
(pRF)—no insertion between RLUC and FLUC—is changed. Expres-
sion level of RLUC was not altered from the vector (Appendix Fig
S5D), verifying that the multiple repeats of cofilin 50UTR sequestered
ITAFs required for only IRES activity, but had no effect on
cap-dependent translation. Furthermore, we measured the level of
cofilin and eGFP in Neuro2A cells transfected either with 8 tandem
repeats of cofilin 50UTR-eGFP or with 8 tandem repeats in the
reverse orientation. Consistent with the reduction of IRES activity,
we found that cofilin expression was significantly decreased in cells
containing 8 tandem repeats of cofilin 50UTR-eGFP compared to that
of cells having reversely oriented 8 tandem repeats of cofilin
50UTR-eGFP (Appendix Fig S5E). eGFP expression indicated that the
vector containing 8 tandem repeats of cofilin 50UTR-eGFP functioned
normally in the cells. Conversely, no eGFP expression was detected
in cells with reversely oriented 8 tandem repeats of cofilin 50UTR-
eGFP (Appendix Fig S5E). To further verify that tandem repeats do
not change the general translation in the cells, we used the FUNCAT
method. Instead of detecting a specific newly synthesized protein,
we adopt this method to find general protein synthesis by detecting
AHA that replaced methionine in any proteins. AHA was labeled
with biotin, which was then detected by anti-biotin antibody. As
expected, biotin level of cells having 8 tandem repeats of cofilin
50UTR-eGFP was indistinguishable to that of cells containing rever-
sely oriented 8 tandem repeats of cofilin 50UTR-eGFP (Appendix Fig
S5F and G). Cells were also cultured together with AHA and aniso-
mycin, which showed a significant decrease in the biotin level in
cells containing either 8 tandem repeats or reversely oriented 8
tandem repeats of cofilin 50UTR-eGFP. Our results further support
that 8 tandem repeats of cofilin 50UTR-eGFP allows depletion of ITAF
for IRES-mediated translation, leading to reduced IRES activity but
normal canonical translation mechanism. It is important to note that
NIH 3T3 cells containing tandem repeats of cofilin 50UTR-eGFP did
not express eGFP, and cofilin expression was not different between
NIH 3T3 cell lines containing 8 tandem repeats and reversely
oriented 8 tandem repeats of cofilin 50UTR-eGFP (Appendix Fig S6A
and B). This result suggests that ITAFs required for cofilin 50UTR
IRES activity are not available in NIH 3T3 cell line, which is consis-
tent with the result showing low cofilin IRES activity measured
using bicistronic reporter system in the same cell lines
(Appendix Fig S3). Together, our data imply that cofilin expression
is regulated by IRES-mediated translation in neurons.
Next, to further examine the physiological role of IRES-mediated
cofilin translation in axonal growth cones, we then transfected the
construct containing 8 tandem cofilin 50UTR-eGFP to primary
hippocampal neurons. Cofilin expression in axonal growth cones as
well as in the cell body was significantly decreased compared to
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those of the control (Appendix Figs S6C, and S7A and B). We next
investigated the consequences of decreased endogenous IRES-
mediated cofilin translation in axonal growth cones and found that
neurons containing 8 tandem repeats of cofilin 50UTR-eGFP gener-
ated significantly shorter axon length compared to that of neurons
with reversely oriented 8 tandem repeats (Appendix Fig S7C and D).
This result suggests that IRES-mediated cofilin translation is
required for axon extension. Since cofilin also plays a key role in
axonal growth cone steering responding to a repellent such as
Sema3A (Aizawa et al, 2001), we then asked whether reduction of
IRES-mediated cofilin translation changes the response of axonal
growth cones to Sema3A. To this end, we measured turning angles
of individual axonal growth cones containing 8 tandem repeats of
cofilin 50UTR-eGFP or with 8 reversely oriented tandem repeats in
the Dunn chamber (Yam et al, 2009; Wang et al, 2016) with or
without Sema3A gradient (Appendix Fig S7E and F). Growth cones
from the control neurons steered away from Sema3A gradient;
however, neurons containing 8 tandem repeats of cofilin 50UTR-
eGFP did not (Appendix Fig S7E and F). Together, these results indi-
cate that IRES-mediated cofilin translation is required for both axon
outgrowth and growth cone steering.
Since a previous report showed that the cofilin 50UTR contains
polypyrimidine tract binding protein (PTB)-dependent IRES motif
(Mitchell et al, 2005) and neuronal PTB (nPTB) stimulated Apaf-1
IRES activity (Mitchell et al, 2003), we tested whether nPTB acts as
ITAF for cofilin IRES activity. We first examined whether nPTB
binds to cofilin mRNA transcripts. Figure 6A demonstrates that
nPTB indeed associated with the cofilin transcripts. Reducing nPTB
using nPTB siRNA decreased cofilin IRES activity (Fig 6B) and
cofilin protein level in neurons, while amounts of cofilin mRNA
transcripts were not altered (Fig 6C–E). Importantly, nPTB siRNA
also efficiently reduced the neuronal axon length (Fig 6F and G)
and significantly impaired response to Sema3A treatment in the
Dunn chamber assay (Fig 6H and I). Together, our data strongly
suggest that nPTB is ITAF for IRES-mediated cofilin translation in
neuron.
Discussion
Here, we show that IRES-mediated translation is critical in normal
physiological environments. We found that (i) cofilin 50UTR harbors
IRES-mediated translation; (ii) IRES-mediated cofilin expression
extends axonal growth; (iii) decreasing IRES-mediated cofilin trans-
lation in axonal growth cones inhibits axonal outgrowth as well as
repressing axonal growth cone steering due to Sema3A; (iv) cofilin
50UTR prefers IRES-mediated translation to cap-dependent transla-
tion; (v) nPTB plays as ITAF for IRES-mediated cofilin translation;
and (vi) cofilin 50UTR is highly conserved among mammalians.
It is interesting to note that nucleotide sequences of cofilin 50UTR
are highly conserved among human, monkey, whale, dog, and
mouse (Appendix Fig S8), however no homology is found in Xeno-
pus, zebrafish, fly, or yeast. While the sequence of cofilin protein
and its role on cytoskeleton dynamics are conserved from yeast to
mammals, the nucleotide sequence of cofilin 50UTR is preserved
only in mammals. This finding suggests that IRES-mediated cofilin
translation in neurons seems to be a highly elaborate mechanism
that contributes to sophisticated mammalian brain development.
It is also suggested that semaphorins induce cofilin translation
via eIF2a in Caenorhabditis elegans (Chisholm, 2008). Phospho-
eIF2a represses general translation, but can also activate translation
of specific messages containing uORFs, such as GCN4 in the yeast
amino acid starvation response. Hence, we tested whether eIF2a
may affect translation of cofilin (via eIF2a) and not the IRES
elements. To address this, we depleted eIF2a using eIF2a siRNA
(Appendix Fig S9). We found that cofilin translation was not
affected, suggesting that cofilin translation is IRES-mediated, not by
eIF2a. We also identified nPTB as the ITAF for cofilin IRES activity.
Our work reveals a physiological role for IRES-mediated cofilin
translation in controlling axon growth and axonal growth cone navi-
gation, which are critical processes for proper wiring of the complex
neuronal networks in the brain during development. We believe
that IRES-mediated translation mechanism will play key roles in
regulating protein synthesis in diverse physiological conditions.
▸Figure 6. nPTB is required for IRES-mediated cofilin translation.A Neuro2A cell extracts were used to test whether nPTB is binding to the biotinylated cofilin 50UTR. Streptavidin–biotin RNA affinity purification was performed, and
purified samples were separated by SDS–PAGE and immunoblotted with antibody against nPTB. For competition assay, nonlabeled cofilin 50UTR (10×) was also co-
incubated.
B IRES activity was determined with a bicistronic reporter system used in Fig 1A together with control siRNA or nPTB siRNA in Neuro2A cells. *P < 0.001, N = 3.
Values shown are mean  SEM and are tested for statistical significance by two-way ANOVA followed by Bonferroni post hoc test.
C Cofilin expression level was decreased in Neuro2A cells containing nPTB siRNA compared to that of control siRNA. GAPDH was a loading control. Amounts of cofilin
mRNA transcripts were not altered. N = 3. Values shown are mean  SEM, and tested for statistical significance by one-way ANOVA followed by t-test.
D, E Cofilin expression was reduced in primary hippocampal neurons containing nPTB siRNA compared to that of neurons having control siRNA. nPTB siRNAs and GFP
vector were co-transfected to neurons at DIV1 and analyzed at DIV3. Immunocytochemistry was performed using antibodies against cofilin and nPTB, respectively.
Scale bar = 20 lm. *P < 0.05, **P < 0.01, N = 18 for each condition. Values shown are mean  SEM and are tested for statistical significance by t-test.
F, G Axon length was significantly decreased in neurons containing nPTB siRNA. Experimental condition was the same as in (D). Scale bar = 50 lm. *P < 0.001, N = 28
for each condition. Values shown are mean  SEM and are tested for statistical significance by t-test.
H The Dunn chamber experiments produced trajectory plots on axonal growth cone turning response to Sema3A gradient. Axons containing nPTB siRNA did not turn
away from Sema3A gradient, while axons having control siRNA repelled from Sema3A. Sema3A gradient was established to increase along the y-axis, and all axons
are re-positioned to it accordingly for clarity. Black lines show the initial 10 lm of axons, and different colors represent the initial turning angles of axonal growth
cones over a 2-h recording period. To reduce complexity of the figure, only 10 representative traces are shown. N > 12 transfected neurons were analyzed for each
group.
I Axonal growth cones of neurons containing nPTB siRNA did not show any response in the Dunn chamber assay regardless of the presence of Sema3A gradient,
while axonal growth cones with control siRNA were notably turned away from Sema3A gradient. *P < 0.001. Values shown are mean  SEM and are tested for
statistical significance by two-way ANOVA followed by Bonferroni post hoc test.
Source data are available online for this figure.
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Materials and Methods
Animals
Animals were used in accordance with protocols approved by the
Animal Care and Use Committees of the Ulsan National Institute of
Science and Technology. C57BL/6 mouse strain was purchased from
Hyochang Science.
Cell culture
Hippocampal cultures were prepared from E18 mouse embryos as
described previously (Wang et al, 2012). Briefly, 24-well plate
containing 12-mm glass coverslips or 35-mm glass-bottom dishes
(WillCo Wells) coated with poly-D-lysine (50 lg/ml; Sigma) was
used to seed neurons. LipofectamineTM 2000 (Invitrogen) was used
to transfect neurons with different DNA vectors at DIV1. Neuro2A
cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco)
with 10% fetal bovine serum (Gibco) and 1% penicillin–strepto-
mycin.
Plasmid construction
The 50UTR of mouse cofilin was cloned by PCR from its cDNA
(NM_007689.5) using primers (forward: ACGCGTCGACGCCGGAA
GGCCGCCCCG; reverse: TCCCCCCGGGGTTTCCGGAAACGAAAGG
GAGAC), which then was inserted into the pRF bicistronic vector
that contains both renilla luciferase (RLUC) and firefly luciferase
(FLUC). Various deleted and reversely oriented 50UTR constructs
were prepared from the 50UTR of cofilin. mCherry and eGFP fluores-
cent proteins attached with myristoylation signal replaced RLUC and
FLUC for IRES activity in axonal growth cones. Four or eight tandem
repeats of cofilin 50UTR-eGFP was inserted to pEGFP-C1 vector.
mRNA transfection
A bicistronic vector was first linearized; then, the reporter mRNAs
were synthesized by in vitro transcription with SP6 polymerase
(Roche) in the presence of the cap analog m7G(50)ppp(50) (Roche).
The capped bicistronic mRNA reporters were transiently transfected
into Neuro2A cells using LipofectamineTM 2000 (Invitrogen) and
incubated for 12 h.
Luciferase assay
Cells were harvested and re-suspended in luciferase lysis buffer
(Promega), followed by incubation on ice for 10 min. Cell debris
was removed by centrifugation at 20,000 g at 4°C for 10 min, and
the supernatants were used for the luciferase assay. Firefly
and renilla luciferase activities were determined using the Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions. The ratio of firefly luciferase to renilla
luciferase activity was defined as IRES activity.
b-Galactosidase assay
Cells transfected with a b-galactosidase expression vector were
harvested and re-suspended in luciferase lysis buffer (Promega),
followed by incubation on ice for 10 min. Cell lysates were incu-
bated with the reagents [PBS containing 5 mM EDTA, chlorophenol
red-b-D-galactopyranoside (CPRG), b-gal buffer] at room tempera-
ture. After confirming end point, b-galactosidase activities were
measured using a plate reader at a wavelength of 570 nm.
Quantitative real-time reverse transcription PCR
Quantitative real-time RT–PCR was performed as described previ-
ously (Kim et al, 2015). Briefly, TRI reagent (Molecular Research
Center) was used to isolate total RNAs, followed by reverse
transcription using ImProm-IITM Reverse Transcription System
(Promega). Next, quantitative real-time PCR (Applied Biosystems)
with the SYBR Green Master Mix (Roche) was used to analyze the
expression level of mRNA transcripts.
Live imaging
Hippocampal neurons were transfected with 50UTR-cofilin or 50UTR
(lacking IRES activity)-cofilin to investigate axonal growth cone
extension. Live imaging was performed in an environmental cham-
ber maintaining 37°C and 5% CO2. Image intervals were 30 s for
1 h (total 120 frames) using Zeiss LSM 780 confocal microscope
with 40× water objective (Nikon Plan Apo, NA 1.3). The rate of
axon growth was analyzed by ImageJ.
Immunocytochemistry
Hippocampal primary neurons were fixed in pre-warmed 4%
paraformaldehyde for 15 min at room temperature (RT) and then
washed twice with PBS for 10 min. Next, neurons were permeabi-
lized by PBS containing 0.5% Triton X-100 for 15 min at RT and
blocked for 1 h at RT with PBS containing 1% BSA. Immunostaining
was performed by cofilin antibody (Abcam; 1:100) at 4°C overnight,
followed by addition of Alexa-conjugated secondary antibody (Invit-
rogen 1:2,000) for 1 h at RT. Images were taken with LSM 780
confocal microscope (Zeiss).
CRISPR–Cas9 method
To generate the sgRNA expression construct, we used pSpCas9(BB)-
2A-Puro (PX459) plasmid obtained from Addgene (Addgene
#62988). Target sgRNAs were designed and prepared as described
previously (Ran et al, 2013), and off-target effects of sgRNA candi-
dates were checked using the online CRISPR Design tool (http://
crispr.mit.edu). Target dsDNAs were generated by annealing
two oligonucleotides: target 1 (top: TCGGCCCGCGCGGCAAGCGC;
bottom: GCGCTTGCCGCGCGGGCCGA) and target 2 (top: ACTAAA
CGGAAGGGGCCGGG; bottom: CCCGGCCCCTTCCGTTTAGT). Then,
target dsDNAs were cloned into the px459 vectors. Genomic DNA
sequencing was performed with primers (forward: CCTCTGGCTC
AGAGCGTTTT; reverse: TGGGATACCAAGACCGCTTC) to verify
genomic deletion.
Western blotting
Immunoblot analysis was performed with polyclonal anti-cofilin
(Abcam 42824, 1:1,000), monoclonal anti-phospho-rpS6 (Cell
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signaling #9206, 1:1,000), monoclonal anti-GFP (Santa Cruz 9996,
1:2,000), monoclonal anti-eIF4E (Abcam 171091, 1:500), mono-
clonal anti-c-Myc (Santa Cruz 40, 1:1,000), and monoclonal anti-a-
tubulin (Santa Cruz 5286 1:1,000) as primary antibodies. HRP-
conjugated secondary antibodies were visualized by ECL solution
and a LAS-4000 chemiluminescence detection system.
Fluorescent noncanonical amino acid tagging–proximity ligation
assay (FUNCAT-PLA)
FUNCAT-PLA was performed as described (tom Dieck et al, 2015).
Plasmids were transfected into mouse hippocampal primary
neurons at DIV1. For metabolic labeling, neurons at DIV2 were
cultured in Met-free DMEM (Gibco, Cat. 21013-024) for 30 min, and
then, 4 mM L-azidohomoalanine (AHA, Invitrogen, Cat. C10102)
was added for 2 h. As a negative control, 4 mM methionine (Sigma,
M0960000) instead of AHA was used. Neurons were fixed with 4%
PFA–sucrose for 20 min and permeabilized with 0.5% Triton X-100.
After blocking with 4% goat serum (Gibco, Cat. PCN5000), click
reaction was performed by adding chemicals: 200 mM TBTA
(Sigma, Cat. 678937), 500 mM TCEP (Sigma, Cat. 646547), 25 mM
biotin-alkyne (Jena Bioscience, Cat. CLK-TA105-25), and 200 mM
CuSO4 (Sigma, Cat. C1297). Then, proximity ligation assay (PLA)
using Duolink reagents (Sigma, Cat. DUO92101) was performed
according to the manufacturer’s recommendations. For primary
antibodies, we used biotin antibody (1:1,500, Sigma, Cat. B7653)
and Flag antibody (1:1,500, Sigma, Cat. F7425). For metabolic label-
ing in Neuro2A cells, AHA-labeled proteins were stained with biotin
antibody (1:1,000) at 4°C overnight after click reaction, followed by
addition of Alexa-conjugated secondary antibody (Invitrogen,
1:2,500).
Axonal growth cone steering assay using the Dunn chamber
Mouse hippocampal neurons were plated on 22-mm square cover-
slips (Fisher Scientific), and transfected at DIV1. Sema3A (R&D
Systems) gradient was established by adding it to the outer well of
the Dunn chamber. The Dunn chamber assay was performed at
DIV3. Images were taken every 5 min for 2 h by using Zeiss LSM
780 confocal microscope with a 20× objective (Nikon Plan Apo, NA
0.8). The Dunn chamber axon guidance assays and analyses were
performed as reported previously (Yam et al, 2009; Wang et al,
2016).
Streptavidin–biotin RNA affinity purification assay
Cofilin 50UTR was synthesized by in vitro transcription with T7
RNA polymerase (Roche) in the presence of biotinylated UTP.
Biotin-labeled cofilin 50UTR was then incubated with cytoplasmic
extracts from Neuro2A cells in dialysis buffer [10 mM HEPES,
90 mM KOAC, 1.5 mM MgOAc, 2.5 mM DTT]. In competition
experiments, 10× unlabeled cofilin 50UTR was also added to the
reaction buffer containing biotin-labeled cofilin 50UTR. After 30-
min incubation, samples were pre-cleared with streptavidin
agarose resin (Thermo Scientific #20349) at 4°C overnight in a
rotary mixer. After washing three times with dialysis buffer (+ 1%
NP-40), resin-bound proteins were eluted and used for
immunoblotting.
Multiple sequence alignments
Multiple sequence alignment was generated by ClustalX, followed
by preparation of a guide tree of the sequences according to the pair-
wise similarity of the sequences.
Statistical analysis
Statistical significance was measured by Student’s t-test, one-way
ANOVA, or two-way ANOVA followed by Bonferroni post hoc test
using GraphPad Prism 5.0 software (GraphPad Software).
Expanded View for this article is available online.
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